Background-Restenosis is a negative effect of percutaneous coronary intervention (PCI). No clinical factors are available that allow good risk stratification. However, evidence exists that genetic factors are important in the restenotic process as well as in the process of inflammation, a pivotal factor in restenosis. Association studies have identified genes that may predispose to restenosis, but confirmation by large prospective studies is lacking. Our aim was to identify polymorphisms and haplotypes in genes involved in inflammatory pathways that predispose to restenosis. Methods and Results-The GENetic DEterminants of Restenosis (GENDER) project is a multicenter prospective study, including 3104 consecutive patients after successful PCI. Forty-eight polymorphisms in 34 genes in pathways possibly involved in the inflammatory process were analyzed. The 16Gly variant of the ␤ 2 -adrenergic receptor gave an increased risk of target vessel revascularization (TVR). The rare alleles of the CD14 gene (Ϫ260T/T), colony-stimulating factor 2 gene (117Thr/Thr), and eotaxin gene (Ϫ1328A/A) were associated with decreased risk of TVR. However, through the use of multiple testing corrections with permutation analysis, the probability of finding 4 significant markers by chance was 12%. Conclusions-Polymorphisms in 4 genes considered involved in the inflammatory reaction showed an association with TVR after PCI. Our results may contribute to the unraveling of the restenotic process. Given the explorative nature of this analysis, our results need to be replicated in other studies. (Circulation. 2005;112:2417-2425.)
R estenosis is still the major limitation of percutaneous coronary interventions (PCI), resulting from injury of the vessel wall caused by balloon dilation and stent placement. 1, 2 The vascular damage is characterized by irritation of endothelial and subendothelial structures and injury of medial regions with rupture of the internal elastic lamina. This damage causes segmental thrombus formation and subsequent invasion of macrophages and polymorphonuclear leukocytes, followed by expression and release of numerous growth factors and cytokines from blood cells and stretched smooth muscle cells, leading to proliferation of smooth muscle cells. 3, 4 Vascular inflammation thus plays an important role in this complex multifactorial process. [5] [6] [7] 
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Identifying patients at increased risk of restenosis may improve stratification of patients to individually tailored treatment. Thus far, however, it has proven difficult to stratify patients with regard to risk of coronary restenosis based only on clinical or procedural risk factors, because risk factors in relation to restenosis identified so far have not been consistently reported. 8 There are indications that genetic factors explain part of the excessive risk of restenosis independent of conventional clinical variables. In patients with multivessel disease, the incidence of restenosis of a second lesion was 2.5 times higher if the first lesion had restenosis, even after adjustments for well-known patient-related risk factors, including diabetes and hypertension. 9 Inflammatory responsiveness is highly genetically determined. Many studies have demonstrated genetic influences on the inflammatory response of an individual. 10, 11 Therefore, it is plausible that differences in genetic makeup of inflammatory genes between individuals may explain part of the risk of the at least partially inflammation-driven restenotic process. Association studies have identified several candidate genes that may predispose to restenosis, such as the genes for stromelysin-1, IL6, E-selectin, CD18, CD14, and IL1 receptor. 12, 13 However, these studies are mostly inconclusive because of a number of limitations, including limited study size and study design (eg, not prospective studies or studies using selected patient groups), limiting the clinical value of the observations.
The purpose of the present study was to evaluate in a large unselected study sample whether a variety of genetic determinants, considered to be involved in the inflammatory process, can predict the risk of clinical restenosis after PCI.
Methods

Study Design
The present study sample has been described previously. 14 In brief, the GENetic DEterminants of Restenosis project (GENDER) was designed to study the association between various gene polymorphisms and clinical restenosis defined in our study by target vessel revascularization (TVR). Patients were eligible for inclusion if they were successfully treated for stable angina, non-ST-elevation acute coronary syndromes or silent ischemia by PCI. Patients treated for acute ST-elevation myocardial infarction were excluded. All patients were treated in 4 referral centers for interventional cardiology in the Netherlands (Academic Medical Center Amsterdam, University Medical Center Groningen, Leiden University Medical Center, and Academic Hospital Maastricht). The overall inclusion period lasted from March 1999 until June 2001. In total, 3104 consecutive patients were included in this prospective, multicenter, follow-up study.
The study protocol conforms to the Declaration of Helsinki and was approved by the medical ethics committees of each participating institution. Written informed consent was obtained from each participant before the PCI procedure.
PCI Procedure
Standard angioplasty and stent placement were performed by experienced operators, using a radial or femoral approach. Before the procedure, patients received 300 mg aspirin and 7500 IU heparin. The use of intracoronary stents and additional medication, such as glycoprotein IIb/IIIa inhibitors, was at the discretion of the operator. If a stent was implanted, patients received either ticlopidine or clopidogrel for at least 1 month after the procedure, depending on local practice. During the study, no drug-eluting stents were used.
Follow-Up and Study End Points
Follow-up lasted at least 9 months or until a coronary event occurred. Patients were either seen in the outpatient clinic or contacted by telephone. TVR, either by PCI or CABG, was considered as the primary end point because it is considered most relevant for clinical practice by regulatory agencies. An independent clinical events committee adjudicated the clinical events.
Events occurring within 1 month after the procedure were excluded from the analysis because these events were attributable to subacute stent thrombosis or occluding dissections.
Data were collected with standardized case report forms that were completed by the research coordinator at each site, who was blinded to the genotype of the patients. Representatives from the data coordinating center monitored the sites.
Genetic Methodology
Blood was collected in EDTA tubes at baseline, and genomic DNA was extracted by following standard procedures. Genotyping was performed by a validated multilocus genotyping assay to test several markers of inflammation (Roche Molecular Systems). 15, 16 Inflammation is known to play an important role in the development of restenosis, although it is not fully elucidated which factors are exactly involved in the process. Therefore, we intended to examine a very broad spectrum of factors that are considered to have an effect on the inflammatory response. The polymorphisms on the array were chosen on the basis of their relation to inflammation previously described in literature reports of gene associations with inflammatory diseases. Furthermore, polymorphisms were also selected on the basis of their known functionality or their known allele frequency. In addition, developing the assay for the selected polymorphism had to be possible. A total of 48 markers in 34 genes were examined by using these criteria (Table 1 ). Each DNA sample was amplified in multiple polymerase chain reactions (PCRs), using biotinylated primers. The PCR product was then hybridized to a corresponding panel of sequence-specific oligonucleotide probes that had been immobilized in a linear array on nylon membrane strips. 17 A colorimetric detection method based on incubation with streptavidin-horseradish peroxidase conjugate, using hydrogen peroxide and 3,3Ј,5,5Ј-tetramethylbenzidine as substrates, was used. Operators blinded to patient data performed genotyping. To confirm genotype assignments, PCR analysis was randomly performed in replicate on 10% of the samples. Two independent observers carried out scoring. Disagreements (Ͻ1%) were resolved by further joint reading, and when necessary a repeat genotyping reaction was performed.
Statistical Methodology
Deviations of the genotype distribution from that expected for a sample in Hardy-Weinberg equilibrium were tested by using the 2 test with 1 degree of freedom. Allele frequencies were determined by gene counting. The 95% confidence intervals of the allele frequencies were calculated from sample allele frequencies, based on the approximation of the binomial and normal distributions in large sample sizes.
In the first stage, we determined the association between each of the 48 polymorphisms and TVR by using a Cox proportional regression model. We considered codominant, dominant, and recessive inheritance models, and the model with the lowest Akaike information criterion was used. 18 If fewer than 10 patients were homozygous for a particular allele, the homozygotes and heterozygotes were taken together, thereby assuming a dominant model. No adjustment for covariates was performed at this stage to allow for the assessment of the possible involvement of the polymorphisms in the causal pathway for TVR. Haplotypes were constructed from polymorphisms known to be located in the same gene, or in genes located near each other, and in statistically significant linkage disequilibrium (all probability values of the Pearson 2 test Ͻ0.001). The effect of haplotypes on restenosis risk was estimated according to the methods developed by Tanck et al. 19 We considered only one TVR per patient.
The robustness of these "individual" findings was investigated by a bootstrap study of 1000 bootstrap samples drawn from the original data set. In each bootstrap sample, the optimal inheritance model as well as the association between each of the polymorphisms and TVR was determined, and the percentage of bootstrap samples with a significant association was counted for each polymorphism.
By following the SNP selection method of Hoh et al, 20 we performed multivariable regression analysis of the TVR risk with all polymorphisms and haplotypes having an individual probability value of 0.10 or less and being significant in at least 40% of the bootstrap samples. First, the association between each polymorphism and TVR was adjusted for the confounding effect of the clinical risk factors age and sex and other clinical and intervention-related risk factors that were significantly (PϽ0.10) associated with TVR, being diabetes, stenting, residual stenosis Ͼ20%, current smoking, total occlusion, and hypertension. If 2 or more arterial segments were Vascular adhesion molecule 1 (VCAM 1) 1p32-p31
Fc fragment of IgE (FCER1A) 11q13 Glu237Gly
Chemokine receptor 3 (CCR3) 3p21.3 Pro39Leu
Colony stimulating factor 2 (CSF2) 5q31.1 Ile117Thr treated, we only used intervention-related characteristics of the most severely affected segment. Second, polymorphisms with independent prognostic value were selected through the use of a multivariable regression model, using a stepwise backward selection algorithm.
No multiple testing correction method was applied to keep power at an acceptable level, and we therefore performed a permutation study to assess the experiment-wide error rate. One thousand permutation samples were created by reshuffling at random the 304 observed TVRs over all available patients. In each permutated (reshuffled) sample, the same statistical analysis was performed as described above, and we counted the number of reshuffled samples with 0, 1, 2, 3, 4, or 5 significant polymorphisms in the final multivariable regression model. In reshuffled data, no significant association is expected, and the percentage of reshuffled samples with 1 or more significant polymorphisms is a quantification of the experiment-wide error rate.
Statistical analysis was carried out using SPSS 11.5 (SPSS Inc).
Results
Patient Characteristics
The characteristics of this patient sample have been described previously. 14 In summary, a total of 3146 patients had a complete follow-up (99.3%), with a median duration of 9.6 months (interquartile range, 3.9 Table 2 .
Follow-Up
Of the 3104 patients, 304 (9.8%) patients underwent TVR during follow-up. Fifty-one patients died (1.6%) and 22 (0.7%) had a myocardial infarction.
Inflammation Array Results
In the present study, genotyping was performed in 3029 patients of the total sample. Results of the remaining patients (nϭ75, 2.4%) are lacking due to unavailable DNA or inconclusive genotyping. Patients who could not be genotyped did not differ in any characteristic from those who could be genotyped.
The following polymorphisms were associated with TVR (PϽ0.05): ␤ 2 -adrenergic receptor (ADRB2) Arg16Gly, CD14 -260C/T, colony stimulating factor 2 (CSF2) Ile117Thr, and small inducible cytokine subfamily A, member 11, alias Eotaxin (CCL11)-1328G/A (Table 3) , being significant in 65.0%, 61.8%, 73.7%, and 69.3% of bootstrap samples, respectively. Interleukin-4 receptor (IL4R) Gln576Arg, and T-cell transcription factor (TCF7) Pro19Thr polymorphisms also showed a tendency of association with TVR (0.05ϽPϽ0.1) and were significant in 43.6% and 44.2% of the bootstrap samples, respectively. All significant genotype distributions were in accordance with HardyWeinberg equilibrium, and markers not in equilibrium were excluded from further analysis.
TVR occurred more often in ADRB2 Gly16 homozygotes (11.3%) than in Arg16Gly heterozygotes (8.7%) or Arg16 homozygotes (9.1%). In contrast, CD14 T/T-genotypes had decreased TVR risk (7.6%) compared with C/T genotypes (10.5%) and C/C genotypes (10.3%). CSF2 Thr homozygotes (6.6%) and Ile/Thr heterozygotes (8.5%) also showed a decreased risk of TVR compared with Ile genotypes (10.8%). CCL11-1328 A/A-homozygotes had decreased TVR risk (4.3%) compared with G/A-heterozygotes (8.6%) and G/Ghomozygotes (10.5%) ( Table 3 ). More details are provided in Data Supplement Table I (http://circ.ahajournals.org/cgi/ content/full/112/16/2417/DC1). As arterial remodeling is more evident in plain balloon angioplasty and neointima formation is more pronounced in stenting, 21 we examined whether the association between the polymorphisms and TVR differed between patients who received stents and patients who did not receive stents. Analyzing the interaction between balloon angioplasty/stenting and the significantly associated genes with TVR showed no significant difference (CD14, Pϭ0.34; ADRB2, Pϭ0.83; CSF2, Pϭ0.30 and CCL11, Pϭ0.67), nor was there a significant difference between angioplasty and stented patients with regard to the association of any of the other polymorphisms with TVR (PϾ0.09). Because the power to find an interaction between type of PCI (angioplasty versus stent) and associations is limited, such interactions cannot be fully excluded. Separately within the balloon angioplasty-treated patient group and the stented patient group, the hazard ratios are in the same direction, but many of the 95% confidence intervals cross the value of 1.0 (see Data Supplement Table II) . TVR indicates target vessel revascularization. *Probability value after individual analysis using Cox regression analysis. †Probability value after adjustment for clinical confounders using Cox regression analysis.
Linkage Disequilibrium and Haplotypes
The three IL4R polymorphisms were in linkage disequilibrium (LD) (PϽ0.0001), and the same applied to the polymorphisms of the ADRB2, CTLA4, NOS3, CCL11, IL1A, IL1B, and IL6 genes. Furthermore, LD was found between polymorphisms in the IL4, IL13, and CSF2 genes. Significant LD was observed between SELE and the SELP (Val640Leu) polymorphism and involving the two CCR5 and the CCR2 polymorphisms. Except for a haplotype in the ADRB2 gene, none of the haplotypes were significantly associated with TVR risk (PϾ0.13). ADRB2 haplotypes, including the ADRB2 16Gly allele, were all associated with increased TVR risk, whereas haplotypes without the ADRB2 16Gly allele had lower TVR risk. In subsequent analyses, we therefore used the ADRB2 16 genotype and not these haplotypes.
Multivariable Cox Regression
Adjustment of the association between the selected polymorphisms and TVR for the clinical risk factors age, sex, diabetes, stenting, residual stenosis Ͼ20%, current smoking, hypertension, and total occlusion changed little (last column of Table 3 ); ADRB2 Arg16Gly, CD14 -260C/T, CSF2 Ile117Thr, and CCL11-1328G/A polymorphisms remained significantly related to TVR. Subsequently, we included all selected polymorphisms in the multivariable regression analysis and included the aforementioned clinical risk factors. After stepwise backward selection among the selected polymorphisms, the same polymorphisms appeared to be significantly related to TVR (Table 4) .
Finally, we considered the association of the 21 possible 2-way interaction terms between the 7 selected polymorphisms and TVR. Only 1 interaction term was found to be statistically significant (Pϭ0.04) between TCF7 and CSF2. The relative risk of TVR in CSF2 Thr carriers versus noncarriers was 0.37 (95% CI, 0.17 to 0.79) in TCF7 Thr carriers and 0.83 (95% CI, 0.67 to 1.03) in TCF7 noncarriers.
To illustrate the clinical relevance of our finding, the log-relative risks of the genotypes defined by the 5 polymorphisms with a PϽ0.1 selected in the Cox model were divided into quartile groups. We calculated the Kaplan-Meier curves in the first quartile-group (low risk, nϭ746), the second and third quartiles (medium risk, nϭ1488), and the fourth quartile (high risk, nϭ749). At 9 months after intervention, TVR risks were 5.0%, 9.2%, and 12.9% in these respective groups, and at 12 months 5.3%, 11.0%, and 14.3%, respectively (Figure) . The high-risk quartile consisted almost exclusively of 435 patients having the TCF7 19Pro/Pro, CSF2 117Ile/Ile, CD14 -260CC/CT, and the ADRB2 16Gly/Gly genotype. The low-and medium-risk quartiles consisted of patients with several genotype combinations.
Error Rate
The experiment-wide type I error rate of the present study was assessed with a permutation study. Of 1000 permutated (reshuffled) data set, there were 97 (10%) in which none of the 48 markers were significantly related to TVR. Thirty-one percent of the reshuffled data sets had 1 significant marker, 25% of the reshuffled data sets had 2, 22% had 3, and 12% had 4 or more significant markers. The median false detection rate was only 2 markers.
Discussion
In a prospective, multicenter, follow-up study, we investigated 48 polymorphisms from 34 different genes. Our assumption that a relation exists between these genes and the development of restenosis after PCI was based on observations suggesting a role of these genes in the process of Cumulative target vessel revascularization (TVR) risks in low-, medium-, and high-risk groups, based on genotype. KaplanMeier curves in the first quartile group (low risk, nϭ746), the second and third quartiles (medium risk, nϭ1488), and the fourth quartile (high risk, nϭ749) were calculated. At 9 months after intervention, TVR risks were 5.0%, 9.2%, and 12.9% and at 12 months 5.3%, 11.0%, and 14.3%, respectively. The highrisk quartile consisted almost exclusively of the 435 patients having the TCF7 19Pro/Pro, CSF2 117Ile/Ile, CD14 -260CC/CT, and the ADRB2 16Gly/Gly genotype. The low-and medium-risk quartiles consisted of patients with several genotype combinations.
inflammation, a well-known determinant in the development of restenosis. After multivariable analysis, we identified polymorphisms in the CD14, ␤ 2 -adrenergic receptor (ADRB2), colony stimulating factor 2 (CSF2), and eotaxin (CCL11) genes that were significantly associated with restenosis after PCI. Although neointimal formation is more pronounced after stenting and remodeling is prominent after plain balloon angioplasty, stenting did not give change the associations between the 4 genes and restenosis.
CD14
The Ϫ260 T/T genotype of CD14 was found to be protective against restenosis after PCI. Two previous studies have investigated the role of CD14 in the development of restenosis, one being a prospective study by Zee et al 22 in 779 patients and the other being a prospective study by Shamada et al 23 in 129 patients. They found the Ϫ260 T/T genotype to be a risk factor for restenosis. Our data are in conflict with these findings, which may be explained by a biological significance of CD14 that differs between Japanese subjects and whites, as well as a small sample size. However, the discrepant results of Zee et al and ours
are not yet explained and await further study.
ADRB2
The second gene we found to be associated with TVR is the ␤ 2 -adrenergic receptor gene (ADRB2), located on chromosome 5q31-q32. ADRB2s are cell-surface receptors that on binding to norepinephrine activate cellular adenylylcyclase through coupling to G-proteins. The ADRB2 gene has a role in the inflammatory response, because adrenoceptors are present on human platelets, and ADRB2 stimulation activates platelet nitric oxide synthase (NOS). 24 NOS catalyzes the formation of NO, which has an inhibitory role on leukocyte adhesion, platelet adhesion and aggregation, smooth muscle cell proliferation, and synthesis of matrix proteins, and it promotes endothelial survival and proliferation. 25 In addition, ADRB2 has an effect on the immune system because lymphocytes express ADRB2s. 26 The polymorphism in the ADRB2 gene that after adjusted analyses showed to be a risk factor for restenosis was the 16A/G polymorphism that results in an amino acid change of glycine to arginine at position 16 (Arg16Gly). Patients with homozygosity for the 16Gly variant had a higher risk of TVR compared with patients with the 16Arg variant (11.3% versus 9.1%, respectively). Previous in vivo and in vitro studies have suggested that this Arg16Gly variant may differently affect functional responses to adrenergic stimulation, thereby possibly modulating cardiovascular and metabolic phenotypes. It has been reported that the 16Gly variant of ADRB2 is associated with faster agonist-induced downregulation of the receptor, as compared with the 16Arg variant. 27 The higher risk of TVR may be related to less vasodilatation as a result of the downregulation of the receptor containing 16Gly, as compared with the receptor containing 16Arg. Moreover, downregulation of the ADRB2 could result in impaired inhibition of platelet aggregation. 24 
CSF 2
The polymorphism in the colony stimulating factor 2 gene (CSF2) that is significantly associated with restenosis is the 117T/C polymorphism, which results in an isoleucin for threonin substitution on position 117. The Thr117 variant showed a protective association with TVR. The functional effect of this CSF2, also known as granulocyte-macrophage colony stimulating factor, polymorphism still has to be investigated.
CCL11
The fourth polymorphism that was associated with restenosis is eotaxin (CCL11), a CC chemokine that is localized on chromosome 17. The Ϫ1328A/A promoter variant of this gene demonstrated a protective association with TVR. Economou et al 28 reported that eotaxin is elevated in plasma of patients with advanced atherosclerosis. The plasma level of eotaxin in their study rose in the first day after PCI and declined to baseline in the following 3 months. In what way the polymorphism determines the expression level on a protein basis is as yet unknown.
Recently, Humphries et al 29 have put forward the criteria for a genetic variant to be included in clinical risk management of patients with cardiovascular disease. For candidate variants, there should be enough circumstantial evidence from literature or from theoretical points of view to be involved in the disease and the studies should have enough power to detect a relative risk of 1.25 or more. The genotype must then give a predictive value in carriers over and above established risk factors, and the final data set should show no significant evidence for heterogeneity of risk effect. Finally, for each selected gene locus only functional variants (ie, variants that alter an amino acid or a transcription factorbinding element in a promoter region demonstrated in vitro) should be included. 29 With these criteria, Humphries et al referred to genotypes encoding a specific phenotype, such as Factor V Leiden, for venous thrombosis. The polymorphisms we examined are explorative and chosen on basis of their known involvement in the multiple pathways of inflammation, being potentially implicated in the development of restenosis. However, they have no strong direct a priori theoretical value in terms of biological plausibility as meant by Humphries et al. However, we believe that the 4 factors associated with restenosis identified in the present study meet these criteria considerably.
Because it is not only the inflammatory response that causes restenosis, more research and confirmation of our findings are needed before these genetic variants could be used for making a genetic risk profile for patients at increased risk of restenosis.
In addition, circulating protein levels were not assessed in the present study. Basal (pre-PCI) plasma levels of the gene product probably do not reflect genetically determined differences in reaction to a trauma such as PCI. Moreover, local differences in reactions (in the vessel wall at the place of PCI) may not be determined systemically. In the human situation, it is impossible to measure gene products locally in the acute phase of treatment or the following days, and several months later the causal trigger has probably already disappeared.
Limitations of the Study
The 48 polymorphisms examined in the present study represent only a small proportion of genetic information that is potentially associated with TVR. However, by looking at a broad spectrum of polymorphisms in genes that are considered to be involved in the inflammatory response, we did try to cover a large set of factors that may be associated with restenosis. Furthermore, the candidate gene approach currently remains the most practical approach. Second, one or more of the SNPs associated with TVR in our study may be in linkage disequilibrium with other polymorphisms in the gene or with other nearby genes that are actually responsible for the development of this condition.
We did not apply adjustment for multiple testing, which sometimes is considered appropriate for hypothesis-testing studies. Moreover, our experiment-wide error rate was found to be 12% in the permutation analysis. In addition, we performed additional hypothesis testing in our haplotype analysis, which further increases the multiple testing problem. Our results should be primarily seen as hypothesis generating and need independent validation.
In addition, data on our haplotype analysis is limited due to the fact that we do not comprehensively cover the haplotype structure of our selected genes. Thus, individuals who appear identical as our haplotypes are concerned may very well differ when more polymorphisms are taken into account.
Our study has insufficient statistical power to examine whether the genetic associations we observed differed by sex because there were only 888 female patients, of whom 84 had TVR.
Another possible limitation is that we examined TVR as our primary end point instead of angiographic outcomes such as late loss. This could have caused a problem with ascertainment. However, in clinical practice clinical restenosis is an end point much more valuable than angiographic restenosis.
Furthermore, the 4 factors we found show a small hazard ratio (0.7 to 1.3), but it should be taken into account that the process of restenosis is multifactorial, involving multiple genes. Thus, relatively small hazard ratios relating to contribution of a single gene to restenosis might be of paramount importance in the overall process, and even a small genetic risk may identify a gene with an important biological role that could reveal new mechanistic insights and provide novel therapeutic targets.
Finally, because our study was conducted in a sample of white patients, extrapolation of the data to other ethnic groups should be done with great caution.
Conclusions
We show that genetic variants in 4 different genes that are considered to be involved in the inflammatory response may play a role in the development of restenosis. Three of these genotypes have, to our knowledge, not been described before in relation to restenosis. Because of the explorative nature of this analysis, our results need to be replicated in other studies to confirm the data. After this, our data could contribute to the unraveling of the process of restenosis and thereby provide novel therapeutic targets as well as contribute to development of improved risk stratification of patients who are scheduled for elective PCI, thereby creating the opportunity to individualize treatment in the future.
